A series of cracking experiments on 2-methylbutane (isopentane), 2-methyIpentane, 2-methylhexane, and 2-methylheptane were carried out using a conventional flow type apparatus at 700°C and atmospheric pressure. Branched alkanes were highly diluted with nitrogen by about 10 times and the extent of decomposition ranged from 5.5 to 15 mole%. The initial product distributions obtained were compared with those simulated on the basis of the free-radical chain mechanism proposed by Rice and Kossiakoff. It was found, from comparison of experiment with calculation, that the radical isomerization through intramolecular 1-4 transfer of H-atom in addition to generally accepted 1-5 transfer should be taken into account. In the present study, the rate of 1-4 transfer isomerization was assumed to be equal to that of jS-scission of radicals because there is strain energy in 5-membered ring formation.
Introduction
Prediction of the product distributions from pyrolysis of hydrocarbons is essential to rational design of cracking facilities. It was found in a previous paper3) that the initial product distributions from pyrolysis of the normal alkanes can in fact be predicted on the basis of free-radical chain mechanismproposed by Rice and Kossiakoff6 7) . Further, a simulation model for high-conversion pyrolysis was successfully proposed^by using the initial product distributions. However, the pyrolysis of branched alkanes which are important constituents next to normal alkanes in naphtha has not received muchattention. The present investigation was therefore undertaken to study the initial product distributions from pyrolysis of branched alkanes as fundamentals of simulation for product distributions at higher conversions. Among branched alkanes contained in naphtha, 2-methyl alkanes are predominant; so that a series of cracking experiments on 2-methylbutane (isopentane), 2-methylpentane, 2-methylhexane, and 2-methylheptane were carried out, and their initial product distributions were compared with those predicted by using the free-radical chain mechanism of Rice and Kossiakoff.
1. Experimental Procedure and Results
1 Experimental procedure
2-Methyl alkanes were pyrolyzed by using a conventional flow-type apparatus under atmospheric pressure and at 700°C. The experimental apparatus and procedure used were shownin a previous paper4\
The pyrolysis was carried out under high dilution with nitrogen (about 10 times).
The extent of decomposition of feed stock ranged from 5.5 to 15 mole %.
The branched alkanes used were supplied by Wako Pure Chemical Industries Ltd. and their purities were checked by gas chromatography.
These were as follows: 99.9% for 2-methylbutane (isopentane), 99 .3% for 2-methylpentane, 99.8% for 2-methylhexane, and 99.5% for 2-methylheptane. These purities were considered sufficient for pyrolysis.
The reactor effluents were analyzed by two gas chromatographs which were equipped respectively with a thermal conductivity detector and a hydrogenflame ionization detector. A molecular sieve 13X column was used for hydrogen analysis.
A 2m column of 1.5% squalane on activated aluminum was used for Ci~C3 analysis, and a 90m squalane capillary column was used for other higher hydrocarbon analysis. A column of 14m 25% DMSon Chromosorb W(AW)+1m 25% DNP on Celite was used to separate 1-butene and isobutene peaks.
2 Experimental results
The initial product distributions for all 2-methyl alkanes studied are listed in Table 1 . In every case, the distribution of major products seemed to be almost independent of the extent of reaction under the present pyrolysis conditions. An example is shown in Fig. 1 for 2-methylbutane (isopentane). 
sented in small quantities. The characteristic product of 2-methyl alkane pyrolysis is isobutene, which is hardly seen in normal alkane pyrolysis.
Prediction of Initial Product Distributions

1 Reaction path according to /3-scission
The free-radical chain mechanism proposed by Rice and Kossiakoff has successfully been applied to predict the initial product distributions from pyrolysis of normal alkanes3). However, the applicability of the mechanism to branched alkane pyrolysis is not well described1'2'9 10). The authors therefore applied the Rice-Kossiakoff mechanism to the initial product distributions obtained here and studied the applicability of the mechanism. The reaction path for 2-methylbutane pyrolysis is shown by Fig. 2 according to the Rice-Kossiakoff mechanism. The parameters^(7, m) and <^(/, m) are used to present the ratio between reaction paths.
As shown in this figure, four isopentyl radicals produced via intermolecular H-atom abstraction decompose by /3-scission to give low-molecular weight alkenes and chain carriers.
These chain carriers, hydrogen atom, methyl and ethyl radicals respectively convert to hydrogen, methane and ethane via intermolecular H-atom abstraction.
The parameter^(/, m) means the normalized ratio of a 2-Me-m-CJ radical to 2-Me-CJ radicals and <pi(l, m) denotes the normalized ratio of a 2-Me-m-CJ radical in rupture leading to a lighter alkene or a branched alkene when alternative bonds are available. By using these two parameters, the stoichiometric reaction for 2-methylbutane (isopentane) pyrolysis is expressed as :
This equation gives the product distributions from one mole of 2-methylbutane decomposed. The underlined terms represent products. The values for (pi can be calculated by normalizing the relative rates6] shown in Table 2 .
When two kinds of /3-scission are possible, as shown in Fig. 2 (a and b) , the relative rate of reactions (a) and (b) can be given by
In the decomposition of 2-Me-3-CJ radical, for example, the same kind of radicalis (methyl radical) produced in the reaction paths as shown below. Fig. 2 The reaction path for 2-methylbutane pyrolysis
Since there is no energy difference between the radicals produced, the relative rate of the two paths can be approximated^by the number of /3C-C bonds; that is,^,(5,3)=1/3.
2 Isomerization of radicals
Some radicals undergo isomerization by intramolecular H-atom abstraction. Kossiakoff and Rice suggested that such H-atomtransfer is undergone via 6-or higher-membered ring formation.
In the case of 2-methylhexyl radicals, for instance, the equilibrium is given as (4) The equilibrium constant, K, is given by
With Eq. (5), the value for <f>t of 2-methylhexyl radicals can be rearranged as follows.
.(6, l)={<*<(6, l)+j61(6, 5)}/(l +*:) (6) 6tJ(6, S)={^t(6, l)+^t(6, S)} x {KI(l +K)} (7) 2. 3 Decomposition of ethyl radicals The decompositon of ethyl radicals cannot be neglected in the higher temperature range. According to a previous paper4}, the mole ratio of hydrogen from ethyl radical decomposition to ethane is calculated by:
wherethe rate constant, kp(l), is approximated from the value of normal alkane (kp(l)=kp(n) for «=/+ l).
Simulation Result and Discussion
The initial product distributions from the pyrolysis of branched alkanes were calculated on the basis of the free-radical chain mechanism proposed by Rice 
1 2-Methylbutane (isopentane)
In 2-methylbutane pyrolysis there is no isomerization effect. The calculated product distributions by Eqs. (1) and (8) are compared with the experimental results in Fig. 3 and show very good agreement.
2 2-Methylpentane
In 2-methylpentane pyrolysis there were discrepancies between calculated and experimental results, especially for hydrogen and methane. A comparison is given in Fig. 4 (see dotted line) . This discrepancy maybe due to the neglect of isomerization occurring by H-atom transfer via 6-membered ring. However, in this isomerization no effect on product distributions is expected because the radicals in equilibium are primary radicals (with no difference in resonance energies).
The present authors, therefore, examined the effect of 1-4 transfer of H-atom via 5-membered ring, though it had been considered that 1-4 transfer hardly occurred due to the strain energy needed for 5-membered ring formation.
Recently, Doue and Guiochon2) suggested a 1-4 transfer for branched alkane pyrolysis. However, they did not discuss the rate of isomerization quantitatively. In the present study, the rate of isomerization via a 5-membered ring was held to be equal to that of -scission, based on the study of Shibatani and Kinoshita8).
The product distributions calculated with an assumption of 50 %of 1-4 transfer are shown in Fig. 4 by the solid line. The agreement with experimental results is good. The discrepancies in hydrogen and methane are effectively removed with this assumption*.
3 2-Methylhexane
Isomerization due to 1-5 transfer was considered.
In Fig. 5 , the calculated and experimental product distributions are compared. Calculations both with and without isomerization are shown. From this figure, it can be seen that if isomerization is taken to be via 6-membered ring there is a precise fit, especially for hydrogen, methane and ethylene. For 2-methylhexane the isomerization effect from 1-4 transfer was observed to be small.
4 2-Methylheptane
The calculated product distributions with 1-5 transfer isomerization are compared with experimental results in Fig. 6 . As shown in Fig. 6 , the agreement between calculation and experiment is good. However, some discrepancies for hydrogen and methane still remain. 1-4 transfer was therefore taken into account. As shown with the solid line in Fig. 6 , the assumption of 50% of 1-4 transfer produces good agreement.
5 Contribution of 1-4 transfer isomerization
As seen above, the introduction of 1-4 transfer brings a good fit and improves the prediction accuracy for amounts of hydrogen and methane. The contribution of 1-4 transfer to hydrogen and methane amounts is considered as follows. The 1-4 transfer in 2-Me-Q radical, denoted by (a) and (b) shown in Fig. 7 , makes methane production decrease and hydrogen production increase. As a result, the amounts of hydrogen and methane in the products increase and decrease, respectively.
For the 2-Me-CJ radical the 1-4 transfer has the same role. On the other hand, for the 2-Me-Ce radical the 1-4 transfer denoted by (a) and (c) has little effect on the amounts of hydrogen and methane.
The 1-4 transfer (b) increases the amount of methane and has a small effect on hydrogen production. Therefore, the 1-4 transfer in the 2-Me-Ceradical has no significant effect on the amounts of hydrogen and methane. Thus, the introduction of 1-4 transfer could well explain the experimental initial product distributions.
Conclusion
The initial product distributions from pyrolysis of 2-methylbutane (isopentane), 2-methylpentane, 2-methylhexane, and 2-methylheptane were experimentally observed by using a conventional flow type apparatus at 700°C and atmospheric pressure.
The simulation of initial product distributions for branched alkanes was attempted using the freeradical chain mechanism of Rice and Kossiakoff.
By comparison with the experimental results, it was found necessary to assume intramolecular H-atom abstraction through 1-4 transfer as well as 1-5 transfer to simulate the experimental distributions. 2-Me-Cj or Pf(1)= 2-methyl alkane having / carbon atoms of main chain 2-M.Q-m-C'i = free radical having / carbon atoms of main chain and having H-vacancy site at m-th carbon from the end of carbon skeleton 2-Me-Cf = free radical having / carbon atoms of main chain Cn = alkane having n carbon atoms Ci^= alkene having n carbon atoms K = equilibrium constant for radical isomerization [-] <f>i(l, m) = normalized ratio of a 2-Me-w-Q radical to 2-Me-Q radicals calculated from relative rate of H-atom removal
[-] <j>ie{l, m) = normalized ratio of a 2-Me-m-Q radical to 2-Me-Q radicals in equilibrium via isomerization [-] å <pi(l, m) = normalized ratio of a 2-M.G-m-C} radical in rupture leading to a lighter alkene or a branched alkene when alternative bonds are available [-] For the pyrolysis of normal alkanes, the effect of 1-4 transfer was not significant. Literature Cited 1) Baas, C. J. and J. C. Vlugter: BrennstoffChemie., 45, 321
